By using the power flow equation, we have examined the state of mode coupling in strained and unstrained step-index glass optical fibers. Strained fibers show stronger mode coupling than their unstrained counterparts of the same type. As a result, the coupling length where equilibrium mode distribution is achieved and the length of fiber required for achieving the steady-state mode distribution are shorter for strained than for unstrained fibers.
Introduction
For decades, glass optical fibers (GOFs) have been the preferred transmission medium in high-capacity communications networks and long-distance communications systems. Graded-index multimode GOFs are used for 0-300 m 10 GB Ethernet links or 0-100 m 40-100 GB Ethernet links.
Step-index (SI) multimode GOFs are often used for laser beam delivery, sensory systems, as a part of lane control signal equipment, etc. On the other hand, multimode plastic optical fibers (POFs) are usually considered for short data links (<100 m). Local networking with POFs benefits from the rapid (less laborious) interconnectivity with low precision and cost components, as POFs couple light efficiently due to their large diameter (∼1 mm) and high numerical aperture. However, POF performance is clearly attenuation limited. A typical attenuation level for SI POFs is ∼100 dB=km, compared with ∼0:5 dB=km for SI GOFs [1] . This limits POF data links to lengths shorter than 100 m.
The transmission characteristics of SI optical fibers depend heavily upon the differential mode attenuation and rate of mode coupling. The latter represents power transfer from lower-to higher-order modes caused by fiber impurities and inhomogeneities introduced during the fiber manufacturing process (such as microscopic bends, irregularity of the core-cladding boundary, and refractive index distribution fluctuations). When installing an opticalfiber-based link, the cable has to be bent repeatedly, thus increasing radiation losses [2] . An increase in mode coupling induced by bending strain has been observed, and can become permanent if the fibers are subjected to repeated bending or are bent for a long time [3, 4] . Such increase could be explained by microscopic changes in the fiber. In this work, the fibers altered by bending we call "strained fibers" and compare their properties to those of unstrained fibers.
The output angular power distribution in the near and far fields of an optical fiber end has been studied extensively. Work has been reported using geometric optics (ray approximation) to investigate mode coupling and predict output-field patterns [5, 6] . By employing the power flow equation [7] [8] [9] [10] [11] , as well as the Fokker-Planck and Langevin equations [12] , these patterns have been predicted as a function of the launch conditions and fiber length. A key prerequisite for achieving this is the knowledge of the rate of mode coupling expressed in the form of the coupling coefficient D [7, 8] , which has been shown to correctly predict coupling effects observed in practice [13] .
The method of determining the coupling coefficient D proposed by Gambling et al. [7] required that the far-field output pattern be observed for various fiber lengths and at different launch angles. Only one fiber length and two launch angles must be considered in the method proposed by Zubía et al. [14] . It determines the coupling coefficient D from the intersection point between two far-field output patterns that correspond to the two launch angles. A further alternative is our recent method [15] , which determines the mode coupling coefficient D from just one far-field output pattern. This single pattern is for the input beam launched along the fiber axis. The variance of the launch-beam distribution has to be known, which is usually the case. Should it not be known, variances of the far-field output patterns at two fiber lengths have to be measured.
Our recently proposed method of determining the coupling coefficient D [15] has been employed for unstrained and strained plastic optical fibers (POFs) [15, 16] and for unstrained GOF [17] . In this work, we apply this method for the first time to strained SI GOF. The coupling coefficient D (hence the rate of mode coupling) is orders of magnitude smaller in glass than in plastic fibers (typically D ≈ 10 −7 − 10 −6 rad 2 =m versus D ≈ 10 −4 rad 2 =m, respectively [10, 17, 18] ), leading to vastly longer coupling lengths (a few kilometers versus tens of meters). Because the distances for numerical integration are of different orders of magnitude, we believe it would be necessary to test the validity of the method both for strained and unstrained glass fibers. We verified this by reference to published experimental results [4] . To do so, we had to solve the power flow equation to determine the coupling characteristic of strained and unstrained glass fibers.
Power Flow Equation
Gloge's power flow equation is [8] ∂Pðθ; zÞ ∂z
where Pðθ; zÞ is the angular power distribution, z is the distance from the input end of the fiber, θ is the propagation angle with respect to the core axis, D is the coupling coefficient assumed constant [7, 8, 11] , and αðθÞ is the modal attenuation. The boundary conditions are Pðθ; zÞ ¼ 0, where θ c is the critical angle of the fiber, and Dð∂P=∂θÞ ¼ 0 at θ ¼ 0. Condition Pðθ c ; zÞ ¼ 0 implies that modes with infinitely high loss do not carry power. Condition Dð∂P=∂θÞ ¼ 0 at θ ¼ 0 indicates that the coupling is limited to the modes propagating with θ > 0. Except near cutoff, the attenuation remains uniform αðθÞ ¼ α 0 throughout the region of guided modes 0 ≤ θ ≤ θ c [9, 10] (it appears in the solution as the multiplication factor expð−α 0 zÞ that also does not depend on θ). Therefore, αðθÞ need not be accounted for when solving Eq. (1) for mode coupling, and this equation reduces to [11] ∂Pðθ; zÞ ∂z
The solution of Eq. (2) for the steady-state power distribution is given by [9] Pðθ; zÞ ¼ J 0 2:405 θ θ c expð−γ 0 zÞ;
where J 0 is the Bessel function of the first kind and zero order, and γ 0 ½m −1 ¼ 2:405 2 D=θ 2 c is the attenuation coefficient. We used this solution to test our numerical results for the case of the fiber length at which the power distribution becomes independent of the launch conditions.
To obtain a numerical solution of the power flow equation [Eq. (2)], we have used the explicit finitedifference method (EFDM) employed in our earlier works [11, 18] . To start the calculations, we used Gaussian launch-beam distribution of the form
with 0 ≤ θ ≤ θ c , where θ 0 is the mean value of the incidence angle distribution, with the full width at half-maximum FWHM ¼ 2σ ffiffiffiffiffiffiffiffiffiffiffi ffi 2 ln 2 p ¼ 2:355σ (σ is standard deviation). This distribution is suitable both for LEDs and laser beams.
Method for Calculating the Coupling Coefficient in SI Optical Fibers
A simple method has been proposed recently [15] for calculating the coupling coefficient for SI fibers. It calls for the variance σ 2 z of the output angular power distribution for light launched centrally along the fiber axis:
where σ 2 0 is the variance of the launch-beam distribution and z is the coordinate along the fiber axis. From Eq. (5), the coupling coefficient D is
In order to determine D from Eq. (6), one needs to determine the variance σ is not known, coupling coefficient D can be determined using the following relation:
where σ 2 z 1 and σ 2 z 2 are variances of the output angular power distribution measured at the fiber lengths z 1 > 0 and z 2 > 0, respectively.
Results and Discussion
In this paper, we analyze mode coupling in the SI GOF used in the experiment reported earlier [4] . This fiber's core diameter is d ¼ 90 μm, core refractive index n 1 ¼ 1:46, critical angle measured in air θ c ¼ 9°(corresponding to inner critical angle of θ c ¼ 6°), with 12 dB=km of attenuation at 0:633 μm. Fiber samples with homogenous bending strain (induced by winding) were tested to obtain their mode coupling properties. These were then compared to those of reference (unaltered) samples [4] . Jeunhomme and Pocholle [4] reported the measurements shown in Fig. 1 evolution of the normalized output power distribution with fiber length for unstrained (Fig. 2) and strained (Fig. 3 ) SI GOF. We show results for three different input angles, θ 0 ¼ 0°, 4°, and 8°measured in air (corresponding to input angles measured in fiber θ 0 ¼ 0°, 2:7°, and 5:4°). We selected Gaussian launch-beam distribution with ðFWHMÞ 0 ¼ 0:85°b y setting σ 0 ¼ 0:36°in Eq. (4). Using step lengths of Δθ ¼ 0:1°and Δz ¼ 0:01 m, we have achieved the stability of our finite-difference scheme [19] for both unstrained and strained fibers. Since a truncation error for our explicit finite-difference scheme is oðΔz; Δθ 2 Þ, [19] , by using a small enough value of Δz, the truncation errors were reduced until the accuracy achieved was within the error tolerance. Radiation patterns in the short fiber (z ¼ Fig. 3(d) ] for the unstrained fiber is consistent with the observation by Jeunhomme and Pocholle [4] that the length of 980 m is slightly smaller than the length necessary to reach the steady-state distribution. Because of the more intense mode coupling caused by fiber bending, a steady-state mode distribution in strained fiber is achieved at a shorter fiber length of z s ¼ 950 m.
For the unstrained and strained SI GOF, Figs. 2(d) and 3(d) show normalized curves of the output angular distribution obtained by solving the power flow equation using the EFDM (solid curve), as well as the steady-state analytical solution of Eq. (2) (filled squares), where γ 0 ¼ 0:00204 and 0:00294 m −1 for the unstrained and strained fibers, respectively. The two are in good agreement, with the relative error below 0.9%. This leads us to conclude that EFDM and the method for calculating the coupling coefficient [15] are accurate for solving the power flow equation, not only for short plastic, but also for very long GOFs. It is interesting to note that strain of the SI GOF induced by bending causes a small relative decrease of the coupling length L c and the length z s (where SSD is achieved) in comparison to those of SI POFs that exhibit a more significant change (L c ≈ 0:5 to 3 m for strained and L c ≈ 14 to 34 m for unstrained POFs, respectively; z s ≈ 1:5 to 8:2 m for strained and z s ≈ 42 to 98 m for unstrained POFs, respectively [20] ). This is because POFs are more sensitive to strain induced by bending, which significantly changes POF mode coupling characteristics.
A permanent increase of mode coupling for fibers under bending strain can be explained by an increase of power transfer caused by fiber microdeformations. Such deformations cause the equilibrium mode distribution and steady-state distribution to develop within shorter distances than is the case with straight fibers.
Conclusion
We report on the solution of the power flow equation employed to investigate the state of mode coupling along strained and unstrained SI GOFs. Our results have been verified against the analytical solution for the steady-state coupling condition. They are also consistent with experimental observations reported in the literature.
We show that coupling lengths and lengths for achieving the SSD in strained SI GOF are shorter than lengths in unstrained fiber. Bending strain increases mode coupling, which can be explained by an increase of power transfer between modes caused by microscopic changes in the fiber. As a consequence, the equilibrium mode distribution and steady-state distribution are achieved at shorter distances than for straight fibers.
